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Abstract  Single-site Ga/SiO, catalysts exhibit up to 99%
C;Hy selectivity at 4% propane conversion with an initial
rate of 5.4x 107* (mole C;Hg) (mole Ga)~'s7! during pro-
pane dehydrogenation (PDH) at 550°C. Following pre-
treatment in H, at 550°C, only four-coordinate, Ga’*t-0
Lewis acid sites are observed under reaction conditions.
At 650°C in H,, an additional isolated Ga site with lower
Ga—O coordination (Ng,_o<4) is formed and leads to
a 30% decrease in the initial PDH rate per total moles of
Ga. The PDH rates are equivalent when normalized by the
amount of surface, four-coordinate Ga>*-0, regardless of
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catalyst pre-treatment conditions, which indicates that these
isolated Ga>* centers are the catalytically relevant sites.

Graphical Abstract Isolated, Lewis acidic Ga’* cati-
ons present as four-coordinate Ga>*—O centers exhibit up
to 99% C;Hg selectivity during propane dehydrogenation
(PDH) at 550°C. An additional isolated Ga site with lower
Ga—O coordination is formed during H, treatment at ele-
vated temperatures, but is inactive for PDH and reversibly
decomposes under reaction conditions.
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1 Introduction

Light alkenes, including propylene (C;Hy), are versatile
commodity chemicals that are most widely produced by
steam cracking of naphtha, gas oil, and liquefied petro-
leum gases (LPG), such as propane (C;Hyg). In this ther-
mally-driven process, hydrocarbons are rapidly heated
in the absence of oxygen to temperatures in excess of
800 °C causing paraffinic C—C and C-H bonds to frag-
ment and subsequently recombine in a series of free
radical polymerization reactions [1, 2]. When propane
is thermally cracked, a maximum C;Hg selectivity of
approximately 50% can be achieved at low conversions
(X<0.2) between 725 and 750 °C [1]. At higher propane
conversions, C;H, selectivity decreases with the ensu-
ing production of methane and other by-products. Addi-
tional C;H, production routes include fluidized catalytic
cracking (FCC) and catalytic dehydrogenation of propane
(PDH). The most common PDH processes utilize PtSn/
Al,O; and CrO,/Al,Oj catalysts, yet challenges surround-
ing C;Hg selectivity and long-term catalyst stability limit
their widespread application [3, 4]. These drawbacks,
coupled with recent surges in hydrocarbon production
from gas-containing shale formations throughout the
United States, have created new incentives to develop
catalytic innovations that can selectively activate par-
affinic C—H bonds and directly upgrade lower alkanes
into value-added chemicals and fuels [5].
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Ga- and Zn- cations have been shown to promote reac-
tions of alkanes, such as PDH, on metal oxides [6-8].
For example, Ga-exchanged zeolites are well known to
catalyze propane aromatization reactions in the com-
mercial CYCLAR process [9, 10]. Additionally, metal
oxide-supported Ga,O; displays up to 85% C;Hg selectiv-
ity (X=0.2-0.4) during PDH at 550 °C [11]. When doped
with K and Pt, these metal oxide-supported Ga materi-
als have been shown to maintain 93% C;Hg selectivity
(X=0.3) for up to 14 days [3]. It has been suggested that
isolated Ga and Zn cations in metal-exchanged zeolites,
such as Ga/H-ZSM-5, Zn/H-ZSM-5, and Zn/Na-ZSM-5,
promote the rate of non-oxidative alkane dehydrogena-
tion pathways by facilitating recombinative desorption
of H, and inhibiting undesirable cracking reactions [9,
10, 12, 13]. However, the residual Brgnsted acidity in
these microporous aluminosilicates limits C;Hg selectiv-
ity by increasing the rate of propane conversion to aro-
matics [13]. Recent work by Schweitzer et al. [14] has
demonstrated that isolated, Lewis acidic Zn*>* cations
on inert, amorphous SiO, can selectively activate C—H
bonds during PDH at 550 °C with greater than 90% C;H,
selectivity, but suffer from low turnover frequencies
(~1x10™* s7!). Additional SiO,-supported, single-site
transition metals, such as Cr>* [15], Co** [16], and Fe3*
[17], have been reported to exhibit similar behavior for
PDH.

Although the catalytic activity of these supported tran-
sition metal catalysts for PDH is generally accepted, the
nature of their active metal sites is often a point of con-
tention since a variety of cationic species can be observed
under reaction conditions. For Ga, the proposed active
species include Ga**, [GaO]*, [GaH,]°", or Ga™ sites in
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zeolites that are stabilized by the negative charge of the
framework lattice [3, 4, 12, 18, 19]. A recent study by Get-
soian et al. [20] has provided new evidence to suggest that
features previously assigned to Ga®" in X-ray absorption
near edge spectra (XANES) may also be interpreted as low-
coordinate Ga’*-H_ or Ga**-R_ species on Ga-impreg-
nated zeolites and SiO,-supported single-site Ga and that
this new assignment could have important implications
when considering how isolated Ga sites are able to activate
paraffinic C—H bonds in lower alkanes. In the present study,
we combine infrared (IR) spectroscopy of adsorbed pyri-
dine, in situ IR spectroscopy, operando X-ray absorption
spectroscopy (XAS), X-ray photoelectron spectroscopy
(XPS), and steady-state kinetic measurements in order to
identify the Ga species present on SiO,-supported single-
site Ga catalysts and determine the nature of the catalyti-
cally relevant Ga center during PDH.

2 Experimental
2.1 Catalyst Synthesis

The Ga/SiO, catalysts were prepared by Getsoian et al.
[20] according to a pH-controlled incipient wetness
impregnation (pH-IWI) method. Approximately 20 g of
commercially available high-purity SiO, (Davisil Grade
646, 300 m? g~!) was impregnated with an aqueous solu-
tion of 3 g Ga(NO;);-xH,0 and 3 g citric acid in 15 ml of
deionized water to obtain ~3 wt% Ga loading. The pH of
the solution was adjusted to 11 with 4 ml of concentrated
NH,OH. The pre-catalyst was dried overnight in an oven
at 110°C and then calcined in air at 550°C for 3 h. The
final Ga loading was measured at Galbraith Laboratories
by using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) and determined to be 2.64 wt%.

2.2 Kinetic Measurements

PDH kinetic measurements were performed in a verti-
cal, quartz, plug flow reactor (PFR, Wilmad Lab Glass,
10 mm O.D. thin wall) at 1 bar. A K-type thermocouple
(3.2 mm O.D.) for temperature indication was placed
inside of a quartz sheath and inserted through a well in
the reactor and into the center of the catalyst bed at the
midpoint to measure the reaction temperature inside of
the bed. A furnace (ATS 3210, 870 W) connected to a
temperature controller (Eurotherm 2408) was used to
supply heat to the reactor and maintain the reaction at the
desired temperature.

The reaction gas mixture was supplied by four, par-
allel mass flow controllers to a manifold that mixes the
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gases prior to entering the reactor. In order to determine
the contribution of gas-phase thermal cracking reactions
to the overall PDH rate, a gas mixture consisting of 5%
C;Hg (Matheson, 99.5%), 10% Ar (Matheson, 99.999%),
which was used as an internal standard, and balance He
(Matheson, 99.999%) was introduced into an empty,
clean reactor at 60 ml min~"! total flow while the tempera-
ture was ramped from RT to 550°C at 10°C min~'. The
total flow rate was confirmed at the reactor outlet by use
of a bubble flow meter. The reactor effluent was analyzed
by using an Agilent 6890 GC equipped with a thermal
conductivity detector (TCD) as well as a flame ionization
detector (FID). A Carboxen 1000 GC column connected
to the TCD was used to separate the permanent gases in
the reactor effluent gas mixture, while a GS-GASPRO
capillary column connected to the FID was used to sepa-
rate the hydrocarbon components. It was verified that the
rate of gas-phase thermal cracking in the empty reactor
tube was below detection limits at 550 °C.

Approximately 300 mg of sieved
(150 ym<d, <250 um) Ga/SiO, was loaded into the
reactor on top of a support bed that consisted of quartz
chips (~1/8") followed by quartz wool. The catalyst was
pre-treated in He (Matheson, 99.999%) at 75 ml min~! for
15 min at RT. The temperature was: (i) ramped from RT
to 100°C at 10°C min~!, (ii) held at 100°C for 15 min,
(iii) ramped to 550°C at 10°C min~!, and (iv) then held
at 550°C for 2 h before switching to the PDH reaction
mixture (5% C;Hg, 10% Ar, bal. He).

Subsequent pre-treatment studies included: (a) expos-
ing the fresh Ga/SiO, catalyst to H, (Praxair, 99.999%)
for 1 h at 550°C, and (b) exposing the fresh Ga/SiO, cat-
alyst to H, for 1 h at 650 °C. During these pre-treatments,
pure H, was passed across the catalyst at RT for 15 min
at 25 ml min~'. The temperature was ramped from RT
to either 550 or 650°C at 10°C min~' and then held at
the desired temperature for 1 h. Following the H, treat-
ment, the reactor was flushed with He at 50 ml min~' for
15 min. The catalyst was then stabilized in the PDH reac-
tion mixture at 550 °C for 13 h to ensure that the steady-
state propane conversion remained below 10%. Details
regarding the calculation of propane conversion and
product selectivity can be found in Sect. 1 of the supple-
mentary material.

2.3 Transmission Infrared Spectroscopy

Fourier transform IR spectroscopy was used to examine
the surface features associated with Ga/SiO,. Between 55
and 80 mg of catalyst was pressed into a 20 mm-diameter
self-supporting wafer and loaded into a quartz transmis-
sion IR gas cell whose design has been described else-
where [21]. The assembled IR cell was placed inside of an
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IR spectrometer (Nicolet 4700), evacuated to ~1072 Torr,
and then heated to 150°C for 1 h to remove residual mois-
ture from the sample wafer and quartz cell. The sample
was treated in 10% Ar and balance He (50 ml min') and IR
background spectra were collected for Ga/SiO, at 150, 450,
500, 550, and 650°C.

Pyridine (Alfa Aesar, >99%) was purified by three sets
of freeze—thaw—degas cycles and then introduced into the
IR cell from a custom glass manifold in order to identify
the presence of Lewis and Brgnsted acid sites. The IR cell
was then evacuated to ~10? Torr to remove residual phy-
sisorbed pyridine from the catalyst surface. IR spectra
were collected at 2 cm™! resolution by averaging 64 scans
between 400 and 4000 cm™! relative to the sample wafer
background reference under vacuum. In situ IR experi-
ments were performed under H, flow (25 ml min~!) on a
fresh Ga/SiO, wafer following pre-treatment in 10% Ar and
balance He (50 ml min') from RT to 650°C. The in situ IR
spectra were collected relative to the sample wafer back-
ground reference under flow of inert.

2.4 Operando X-ray Absorption Spectroscopy

Gallium K edge (10.375 keV) operando XAS experiments
were performed in transmission mode at the Materials
Research Collaborative Access Team (MRCAT) insertion
device (10-ID) beam line at the Advanced Photon Source
(APS) within Argonne National Laboratory. Ga/SiO, sam-
ples were pre-treated under pure H, at 550 or 650 °C for 1 h,
cooled to room temperature under He, and then heated to
550 °C under the PDH feed mixture (5% C;Hg, 10% Ar, bal.
He) in a vertical, quartz tube reactor (Wilmad Lab Glass,
5 mm O.D. thin wall, 10 mm O.D. ends) at a total flow rate
of 30 ml min~!. The 5 mm O.D. reactor was chosen for
the operando XAS measurements in order to minimize the
absorption path length and attenuation of the X-ray beam
by the SiO, support while maximizing the signal-to-noise
ratio. Approximately 150 mg of catalyst was loaded into the
reactor in order to maintain the same weight-hourly space
velocity (WHSV) of 12,000 ml g, ' h™' as the 10 mm
0.D. laboratory PFR. The catalyst bed was held in place by
a bed of quartz wool and quartz chips (~1/8"). A vertical,
cylindrical furnace (ATS 3210, 870 W) with a radial bore-
through hole (~6 mm diameter) was used to supply heat to
the reactor while enabling simultaneous X-ray transmission
through the catalyst bed. Kinetic analysis was performed by
using the same Agilent 6890 GC equipped with Carboxen
1000 and GS-GASPRO columns as previously described.
XANES spectra were obtained by using standard meth-
ods and were energy calibrated by comparing the standard
edge position to the simultaneously obtained edge posi-
tion of a gallium (III) acetylacetonate reference compound
(10.377 keV) [12, 19, 20, 22], denoted as Ga(AcAc),.

The Ga edge energy was determined based on the posi-
tion of the maximum of the first peak in the first deriva-
tive of the XANES region. Phase shifts and backscattering
amplitudes for the extended X-ray absorption fine structure
(EXAFS) were determined for Ga—O scattering based on
the experimentally obtained Ga(AcAc); spectra (Ng,_o=0,
Rg,_0=1.94 A). X-ray absorption spectra were analyzed
with WinXAS v. 3.1 software [23]. The values for the
amplitude reduction factor, SOZ, and Debye—Waller factor
(DWF), Ac?, were determined for the first Ga—O scatter-
ing shell of the Ga(AcAc); reference by performing a least
squares fit in R-space of the k*>-weighted Fourier transform.

2.5 X-ray Photoelectron Spectroscopy

XPS was performed by using a Kratos Axis Ultra DLD
spectrometer equipped with a monochromatic Al Ka source
(1486.6 eV), a hemispherical electron analyzer, and a
charge neutralization system. The spectrometer was oper-
ated at ~107° Torr and 75 W with 14.7 kV applied across
the anode. XPS spectra were collected in constant pass
energy mode at 20 eV.

The Ga/SiO, samples were treated in an atmospheric
pressure reaction cell under pure H, flow at either 550 or
650°C for 1 h. The catalysts were then transferred to the
XPS chamber without exposure to air where both survey
and high resolution scans were obtained for the Ga 3d, Ga
2p, Si 2p, O 2s, O 1s, and C 1s peaks. XPS spectra were
curve-fit by using CasaXPS (version 2.3.15) software. The
binding energies for each spectrum were energy calibrated
to the Si 2p peak at 103.4 eV [24, 25]. Each peak was fit
by using a 30-70 Gaussian-Lorentzian curve shape with
a Shirley background. Optimization of the band position,
area, and full width at half-maximum (FWHM) was per-
formed through Levenberg—Marquardt iterations by mini-
mizing the root mean square (RMS) error.

3 Results
3.1 Kinetics of PDH on Single-Site Ga/SiO,

In addition to certifying the absence of gas-phase thermal
cracking and dehydrogenation reactions for the empty PFR
at 550°C, the SiO, support (Davisil Grade 646) was exam-
ined for PDH between 570 and 630 °C with 5% C;Hg, 10%
Ar (internal standard), and balance He as shown by the
Arrhenius plot in Figure S1. The measured apparent activa-
tion energy for the Ga-free SiO, support was 253 +17 kJ
mole™! and C;H, formation was below detectable limits at
550°C. For the 2.64 wt% Ga/SiO, catalyst, the measured
apparent activation energy during PDH between 530 and
570°C was 79+ 5 kJ mole™". The C;Hg conversion ranged

@ Springer



1256

V. J. Cybulskis et al.

from 4 to 8% under these conditions, which is below the
equilibrium conversion of 32% at 550°C [26, 27] as shown
in Figure S2 and ensures that the reported PDH rates are
equivalent to the forward reaction rate. These results
show that the contribution of gas-phase and SiO,-induced
dehydrogenation reactions are negligible at 550°C; thus,
confirming that the Ga sites are catalytic. IR detection of
adsorbed pyridine revealed that SiO,-supported Ga is
Lewis acidic as indicated by the sharp bands at 1455, 1410,
and 1610 cm™'[28, 29] in Figure S4. The absence of a band
at 1540 cm™' due to pyridinium ion [30, 31], as indicated
by the vertical dashed line, confirmed that no Brgnsted acid
(H™) sites strong enough to deprotonate pyridine were pre-
sent on Ga/Si0,.

The 2.64 wt% Ga/SiO, catalysts used in this study were
stabilized in the PDH reaction gas mixture (5% C;Hg, 10%
Ar, bal. He) at 550°C after the following pre-treatment con-
ditions: (i) under 100% He flow at 550 °C for 2 h, (ii) under
100% H, flow at 550°C for 1 h, and (iii) under 100% H,
flow at 650 °C for 1 h. Previous studies have suggested that
reduced Ga, [GaH,]°*, or Ga3+—HX species are formed dur-
ing H, pre-treatment at elevated temperatures (7> 500 °C)
and are only stable under reaction conditions [12, 18-20].

The steady-state PDH rates for the 12 h stabilization
period on each 2.64 wt% Ga/SiO, sample at different pre-
treatment conditions are shown in Fig. 1. As indicated by
the similar deactivation curves for the He-550 °C (white Q)
and H,-550°C (blue W) pre-treated samples, both samples
exhibited initial PDH rates of 5-5.5x 107 (mole C;H)
(mole Ga)™' s7! that stabilized to ~3x10™* (mole C;Hy)
(mole Ga)~! s7!, thus indicating that a similar Ga active site
was present under these conditions. For the H,-650 °C (red
A) pre-treated sample, however; the initial PDH rate of
3.7%107* (mole C;Hg) (mole Ga)~! s7! was approximately
30% lower than the initial rates for the He-550°C and
H,-550°C pre-treated samples and deactivated to ~3 X 107
(mole C;Hy) (mole Ga)~! s7!. The decrease in initial PDH
rate per total moles of Ga following H, treatment at 650 °C
implies either a loss in the total number of Ga active sites,
or that the surface chemistry of these Ga sites was altered
upon exposure to H, at high temperatures.

Examination of in situ IR spectra obtained under flow of
H, revealed the presence of surface silanol (SiOH) groups
that were gradually dehydroxylated between 450 and
650°C as indicated by the decrease of the v(O—H) band at
3740 cm™' (Fig. S4a). Simultaneously, a band appeared at
3670 cm! that is assigned to the ©(O—H) stretch of either
Ga-OH or Si-OH)-Ga [32, 33]. This band that was
formed upon H, treatment at elevated temperatures in con-
junction with the v(Ga—H) band at 2035 cm™! (Fig. S4b)
and has been observed by others [32, 34-37], is likely due
to heterolytic dissociation of H, at the Ga site. The inten-
sity of this Ga—H feature increased under flow of H, up to

@ Springer

" 6 . . ; . .
T O He pre-treat 550 °C
[0 ' B H, pre-treat 550 °C
9 5rm A H, pre-treat 650 °C 1
[e) |
£ °o "
o~ Ogl | |
= —~4r Oggog i
¢ T, ‘AA Oa
o A 88
@)
o 3r AAraa ‘AAQQQIQQ
A A,
E | abal
< E
o
- O 1 1 1 1 1
=~ 0 2 4 6 8 10 12
Time/h

Fig. 1 Comparison of PDH stabilization in 5% C;Hg, 10% Ar, and
balance He at 550°C for 2.64% wt% Ga/SiO, pre-treated in: He at
550°C (circle), H, at 550°C (filled square), and H, at 650 °C (filled
triangle)

650°C, where an additional band at 1980 cm™" was formed.
Pulham et al. [38] have attributed the v(Ga-H) stretch
at 1976 cm™' to the two terminal hydrogen vibrations
(H-Ga-H) in digallane model compounds. This assign-
ment of a second hydrogen coordinated to the isolated Ga
site is consistent with the model proposed by Getsoian
et al. [20] where two different Ga—H species at 10.371 and
10.373 keV were identified by AXANES on Ga/SiO, after
H, pre-treatment at 650 °C.

3.2 Operando XAS during PDH on Single-Site Ga/SiO,

To examine the working state of the Ga active center for
the 2.64 wt% Ga/SiO, catalysts, transmission XAS spec-
tra were obtained during PDH at 550°C under the same
conditions as in the laboratory PFR. Experiments were
performed at the Ga K edge (10.375 keV) for Ga/SiO, to
measure the 1s — 4p transition. XANES spectra were used
to identify the chemical state and valence of Ga along with
adsorbed surface species while EXAFS provided informa-
tion on the Ga coordination (N) as well as the type of near-
est neighbors and bond distances (R).

The as-is 2.64 wt% Ga/SiO, catalyst was compared
against f-Ga,0;, which is a mixture of tetrahedral and
octahedral phases (Ng,_o=5), and Ga(AcAc); (Ng,_o=06)
at room temperature in air. As indicated by the EXAFS in
Figure S5, Ga/SiO,, p-Ga,0;, and Ga(AcAc); exhibited
Ga—-O coordination in the first scattering shell at ~1.8 A.
The higher shells for f-Ga,0; indicated Ga—-O-Ga coor-
dination, which was absent on Ga/SiO, and confirms that
the Ga species in 2.64 wt% Ga/SiO, were isolated as single
cations. This Ga/SiO, sample was then pre-treated in He
at 550°C and examined during PDH (5% C;Hg, 10% Ar,
bal. He) at 550 °C. The agreement between the PDH rates
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obtained in the laboratory PFR and those in the operando
setup, as shown in Figure S6, confirmed that, by maintain-
ing the same WHSV of 12,000 ml g.,,~! h™!, the smaller
diameter operando XAS reactor (5 mm O.D.) was able to
replicate the kinetics obtained from the laboratory PFR
(10 mm O.D.).

Following pre-treatment in H, at 550°C for 1 h, the
2.64 wt% Ga/SiO, catalyst was examined under PDH (5%
C;Hg, 10% Ar, bal. He) at 550°C for 1.5 h while XAS
spectra at the Ga K edge were simultaneously collected.
The XANES spectra exhibited an absorption maximum at
approximately 10.377 keV (Fig. 2a), which is indicative
of Ga>* and has been observed by others [12, 19, 20, 22].
This Ga®* feature remained constant during the 1.5 h PDH
experiment on the H,-550°C pre-treated Ga/SiO, sample.
Additionally, the isolated first shell EXAFS revealed that
the isolated Ga** cations were bound to 4 oxygen atoms,
as compared to the Ga(AcAc), reference compound, and
remained stable throughout the 1.5 h reaction as four-
coordinate species with Ga—O bonds at 1.80+0.01 A.
(Fig. 2b). These four-coordinate Ga**-0 sites exhibited an
initial PDH rate of 5.4 10~* (mole C;Hg) (mole Ga)™' s™!
with 99.2% C;Hy selectivity at 4% C;Hg conversion. The
EXAFS fitting parameters and kinetic data for this sample
are listed in the top half of Table 1.

After pre-treatment in H, at 650°C for 1 h, an addi-
tional XANES feature for Ga/SiO, was observed approxi-
mately 4 eV lower than the Ga>* absorbance maximum at
10.377 keV as shown in Fig. 3 (magenta line). This lower
energy XANES feature has been observed by others [12,
18, 19] following H, pre-treatment of Ga/H-ZSM-5 at
elevated temperatures and was previously assigned to a
reduced Ga*, GaO*, or [GaH,]°". However, by preparing

[V
o

a series of Ga>* compounds of varying Ga-ligand coordi-
nation, Getsoian et al. [20] recently demonstrated that this
shift in the XANES edge energy can also be explained by
the influence of the ligand on the Ga®* center rather than
simply a reduction in Ga oxidation state. A comparison
of the XANES in Figure S7 for synthetically-prepared
Ga(CH,SiMes); (dashed line), a molecular model com-
pound containing a Ga** cation with three Ga—C bonds,
and its heterogeneous analog, Ga(CH,SiMe;);/SiO,
(blue line) with the H,-650°C pre-treated Ga/SiO, cata-
lyst (magenta line) reveals that the observed decrease in
XANES energy for Ga/SiO, is consistent with the Ga3+—RX
assignment for the reference materials [20].

When compared to the Ga>* XANES for the H,-550°C
pre-treated Ga/SiO, sample (black line) in Fig. 3, it is evi-
dent that the H,-650°C pre-treated Ga/SiO, sample con-
tained some fraction of four-coordinate Ga’>*-O as indi-
cated by the absorption peak maximum at 10.377 keV.
Additionally, it is worth noting that the low energy XANES
feature at 10.373 keV remained stable not only in H, at
650°C (red line), but also in He at 550 °C (blue line) and
He at RT (magenta line). The stability of this secondary
Ga species is contradictory to what has been observed by
Meitzner et al. [12] for reduced Ga on Ga/H-ZSM-5, which
was present only under reaction conditions. Individual
EXAFS fitting parameters for the H,-650°C pre-treated
Ga/Si0, sample can be found in Table S1.

After XANES spectra were obtained at RT in He,
the H,-650°C pre-treated Ga/SiO, catalyst was heated
to 550°C and examined during PDH (5% C;Hg, 10%
Ar, bal. He) for 1.5 h while XAS spectra at the Ga K
edge were simultaneously collected. In contrast to the
H,-550°C pre-treated Ga/SiO, catalyst, which remained as
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Fig. 2 Operando Ga K edge a XANES and b EXAFS of first scattering shell. Obtained during PDH at 550°C for 2.64 wt% Ga/SiO, after H,

pre-treatment at 550 °C
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T R R T S
Ga/SiO, measured during PDH (mole Ga)~! 531 6
after H, pre-treatment at 550
and 650°C 2.64 wt% Ga/SiO, 5.4 99.2 0 4.1+0.4 1.80+0.01 0.006
550°CH, pre-treat 53 99.0 0.5 4.1+04 1.80+0.01
4.8 98.9 1 4.0+0.4 1.80+£0.01
4.6 98.7 1.5 41+£04 1.80+£0.01
2.64 wt% Ga/SiO, 3.7 97.4 0 2.6+0.3 1.80+£0.01 0.006
650°C H, pre-treat 3.5 97.8 0.5 27403 1.79+0.01
33 97.5 1 3.0+0.3 1.80+£0.01
- - 1.5 32403 1.80+£0.01
*Measured at 550 °C in 5% C;Hg, 10% Ar, and bal. He
°C,H selectivity at 4% C,Hg conversion
3.3 XPS for Single-Site Ga/SiO,
1.8
016 | The 2.64 wt% Ga/SiO, catalyst was treated in a reaction
o cell at atmospheric pressure per the same procedures used
§ 1.4 ¢ for the kinetic analysis and operando XAS study: (i) under
512t 100% H, flow at 550°C for 1 h, and (ii) under 100% H,
é 10 flow at 650°C for 1 h. Following pre-treatment, the catalyst
- was transferred to the XPS chamber (~107° Torr) without
ﬁ 0.8 r exposure to air in order to obtain spectra for the Ga 3d, Ga
g 0.6 |+ —H,,650°C 2p, Si 2p, O 25, O 1s, and C ls peaks. All spectra were
504 | —He, 550 °C energy calibrated to the Si 2p peak at 103.4 eV [24, 25].
=z 2596 Rg - The Ga 2p;, peak was chosen for curve fitting due to the
02 | —_— pre-treat, PDH t=0h ] 3/2 ) )
——550 °C pre-treat, PDH t=0 h better signal-to-noise ratio compared to the Ga 3d;,, peak.
0.0 ' ' ' Deconvoluted Ga 2p;, XPS spectra for the H,-550°C
10.38 10.40 10.42

10.36
Photon energy / keV

Fig. 3 Comparison of Ga K edge XANES for 2.64 wt% Ga/SiO, in
various atmospheres after H, pre-treatment at 650 °C with 2.64 wt%
Ga/SiO, in PDH mixture at 550°C after H, pre-treatment at 550°C
(solid black line)

four-coordinate Ga>* throughout the reaction, the intensity
of the low energy XANES feature at 10.373 keV for the
H,-650 °C pre-treated Ga/SiO, sample gradually decreased
with time on stream as the Ga’* feature at 10.377 keV
gradually increased (Fig. 4a). Furthermore, the isolated first
shell EXAFS in Fig. 4b shows that Ng,  increased with
time during PDH at 550 °C. The EXAFS fitting parameters
and kinetic data in the bottom half of Table 1 show that the
H,-650°C pre-treated Ga/SiO, catalyst exhibited an aver-
age Ga—O coordination of 2.6+0.3 with a bond distance
of 1.80+0.01 A at r=0 h and increased to 3.2+0.3 by
t=1.5 h. This Ga®* center, with a lower Ga—O coordination
(Nga—o<4) than the H,-550°C pre-treated sample, had an
initial PDH rate of 3.7 10~* (mole C;H) (mole Ga)™' s™!
with 97.4% C;Hg selectivity at ~4% C;Hg conversion.

@ Springer

and H,-650°C pre-treated Ga/SiO, catalysts are shown in
Fig. 5a, b, respectively. Both Ga 2p;,, bands exhibit two fea-
tures: a dominant peak at 1119.0 eV that is assigned to Ga>*
[39—42], and a lower binding energy shoulder at 1117.7 eV
that has been assigned by others as either Gat [43—45]
or Ga’* [32]. However, based on the Ga’*-H /Ga’*-R,
XANES assignment by Getsoian et al. [20] for Ga-impreg-
nated zeolites and Ga/SiO, after H, pre-treatment, it is pos-
sible that this low energy peak at 1117.7 eV, which lies
between Ga** (1119.0 eV) [39—42] and Ga’ (1117.0 eV)
[41], may also be explained by the reduced Ga—O coordina-
tion at the Ga>* site as a result of Ga®>*—H, formation. The
gradual replacement of O ligands on four-coordinate Ga>*
by less electronegative, o-donating H results in increased
electron density on the isolated Ga center and lowers the
binding energy of the Ga 2p;, electron, which is consistent
with the additional shoulder at 1117.7 eV that is observed
on Ga/SiO, after H, pre-treatment.

The relative surface concentrations of the Ga’*
(i.e., Ga>*-0) and secondary Ga species at 1119V and
1117.7 eV, respectively, are shown in Table 2 as atomic
percentages for the H,-550°C and H,-650°C pre-treated
Ga/SiO, samples. The elemental compositions were
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Fig. 4 Operando Ga K edge a XANES and b EXAFS of first scattering shell. Obtained during PDH at 550°C for 2.64 wt% Ga/SiO, after H,

pre-treatment at 650 °C

a

H,, 550 °C pre-treat

CPS

1120 1116
Binding energy / eV

CPS

1124

1120
Binding energy / eV

1116

Fig. 5 Ga 2p,, XPS spectra for: a 2.64 wt% Ga/SiO, after H, pre-treatment at 550 °C, and b 2.64 wt% Ga/SiO, after H, pre-treatment at 650 °C

determined by curve-fitting the Ga 2p, Si2p, O 1s, and C 1s
peaks per the method described in Sect. 2.4. As indicated
in Table 2, the Ga/SiO, sample that was pre-treated in H,
at 550 °C contained only a small fraction of low-coordinate
Ga while nearly 40% of the surface Ga on the H,-650°C
pre-treated sample was present as this second type of iso-
lated Ga species. However, when normalized by the frac-
tion of four-coordinate Ga>*—O on the surface, rather than
the total moles of Ga, the initial PDH rates for both Ga/
Si0, samples were equivalent at ~6.4x 10™* (mole C;Hy)
(mole Ga*")~! s~!. The implications of these findings are
discussed further below.

4 Discussion

The SiO,-supported single-site Ga catalysts in this study
exhibited high (up to 99%) C;H, selectivity during PDH at
550°C (X=0.04), which is congruent with reports for other
Zn- and Ga-containing zeolites and metal oxides [3, 9,
12-14]. The initial dehydrogenation rate of 5.4 x 10* (mole
C;Hy) (mole Ga)™' s™! at 550°C for Ga/SiO, is compara-
ble to values reported under similar conditions for gallium
oxide-based dehydrogenation catalysts (~5x10™* (mole
olefin) (mole Ga)~! s7!) [46, 47], commercial CrO,/Al, 04
catalysts (~7X 10~* (mole olefin) (mole Cr)~' s7!) [48],
and a Cr/SiO, catalyst prepared with well-defined Cr sites
(~8x 10~* (mole C;Hy) (mole Cr)~' s71) [15]. For the pre-
sent work, the combination of kinetics and operando XAS

@ Springer
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Table 2 Quantifcation of

Ga 2ps;, XPS spectra and
normalization of PDH rates by
surface Ga>* for samples treated
in H, at 550 and 650°C

Sample Ga’* —1119.0 eV Ga-1117.7eV PDH rate® Normalized
/atomic % /atomic % /107 (mole C;Hy) rate®
(mole Ga)™! 57! /107* (mole
C;Hg) (mole
Ga’*t) ! 57!
2.64 wt% Ga/SiO, 1.1 0.2 54 6.4
550°C H, pre-treat
2.64 wt% Ga/SiO, 1.0 0.7 3.7 6.3

650 °C H, pre-treat

Initial rate measured at 550 °C in 5% C;Hg, 10% Ar, and bal. He
®Normalized by contribution of Ga** at 1119.0 eV

revealed that the active Ga in Ga/SiO, was present as iso-
lated, Lewis acidic Ga®* cations rather than an extra-crys-
talline Ga,0O; phase. One potential structure for this active
site consists of an isolated Ga>* cation bound to three Si-O
bonds with the Ga center coordinated to an additional oxy-
gen on a neighboring Si—O bond through the lone electron
pair to maintain charge neutrality in the absence of residual
Brgnsted acid sites. Additional SiO,-supported, single-site
transition metal catalysts such as Zn** [14], Co** [16], and
Fe>* [17] have been examined for PDH with XAS. Zn/
SiO, contains four-coordinate Zn**—0, which can form
lower coordinate Zn—O species during reaction while Co/
SiO, and Fe/SiO, remain and four-coordinate Co**—O and
three-coordinate Fe**—O isolated species, respectively. For
the case of Ga/SiO,, there are likely multiple Si—O configu-
rations on the surface of the amorphous SiO, support that
can coordinate with various Ga®* ions via covalent bond-
ing. While the detailed structure of Ga/SiO, at the atomic
level is not yet known, the nature of the isolated Ga species,
which is a function of the catalyst pre-treatment conditions,
has importance consequences on kinetic performance.

It has been proposed that framework Ga sites within
zeolites facilitate the rate-determining H*/H™ recombina-
tion and H, desorption step during alkane dehydrogena-
tion by stabilizing hydride surface species [12, 49-51].
For Ga/SiO, and Ga-containing zeolites, these hydride
surface species have been observed [20, 32, 34, 35] after
H, treatment at elevated temperatures (7>550°C) and
have been shown by Getsoian et al. [20] to produce shifts
in the Ga K edge XANES similar to reduced gallium,
Ga™, and Ga,O species (3, 4, 12, 18, 19, 52]. In situ IR
experiments for Ga/SiO, catalysts prepared under similar
conditions in the current study revealed that at least one
or more Ga—H surface features are formed in the pres-
ence of H, between 550 °C and 650 °C. The initial PDH
rate per total moles of Ga was ~30% lower at 550 °C on
the Ga/SiO, catalyst that was pre-treated in H, at 650 °C
and contained a larger fraction of Ga—H compared to Ga/
Si0, pre-treated in H, at 550 °C. Analysis of the Ga/SiO,
surface by XPS supports operando XAS results, which
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indicate that at least two types of Ga surface species
are present following H, pre-treatment. The lower bind-
ing energy shoulder for the Ga 2p;, electron, which lies
between peaks assigned to Ga** and Ga’, is traditionally
attributed to either Gat or Ga®* [32, 43-45]. However,
the shift in binding energy from Ga** at 1119.0 eV to
1117.7 eV after exposure to H, at high temperatures may
also be explained by the formation of Ga**—H, sites with
reduced Ga—-O coordination. The replacement of oxygen
ligands on Ga by o-donating H species will modify the
Lewis acidity of these sites as increased electron density
is placed at the Ga center.

Although XANES and XPS features consistent with
Ga3+—Hx and IR signatures for Ga—H surface species were
observed under similar conditions for Ga/SiO, in the cur-
rent study, the possibility of a reduction in the Ga oxida-
tion state cannot be ruled out entirely as reduced Ga species
would also give rise to energy shifts for both XANES and
XPS. Thus, based on these findings, we tentatively assign
this second isolated Ga site to low-coordinate Ga®*-R spe-
cies, where R may correspond to one or more H ligands
coordinated to Ga**, or a vacancy (O) in the case of
reduced Ga center. While shown to be present only under
reaction conditions for Ga/H-ZSM-5 catalysts [12]. The
Ga’*-R site on Ga/SiO, was stable in H, and He atmos-
pheres from RT to 650°C, but reversibly decomposed to
Ga®™—0 in the presence of C;Hg at 550°C. However, as
shown in Fig. 1, the PDH rate for the H,-650 °C pre-treated
sample (red triangles) did not increase upon loss of the
Ga®*-R site due to simultaneous deactivation that occurred
via carbon deposition (i.e., coking) on the catalyst surface.
A comparison between the three pre-treatment conditions
in Fig. 1 reveals that deactivation proceeded through a sim-
ilar mechanism on each catalyst during the 12 h stabiliza-
tion period.

The fraction of Ga’—R present on the H,-650°C pre-
treated Ga/SiO, sample, as determined by XPS, indicates
that up to 40% of the surface Ga was present as this second-
ary, isolated Ga site while the H,-550°C pre-treated Ga/
SiO, sample contained less than 15% Ga®*—R. Thus, the



The Nature of the Isolated Gallium Active Center for Propane Dehydrogenation on Ga/SiO, 1261

PDH rates for these catalysts were nearly identical when
normalized by the fraction of surface Ga®>*—O rather than
total moles of Ga. These findings indicate that only four-
coordinate, single-site Ga>™—O species are active for PDH
on Ga/SiO,. At elevated pre-treatment temperatures in H,,
a less stable, inactive Ga®*—R species is formed. The dif-
ference in PDH rates per Ga between the H,-550°C and
H,-650°C pre-treated Ga/SiO, catalysts can be recon-
ciled by the relative surface coverages of Ga’"—R for these
samples.

The multiple Ga surface species present during PDH
along with facile decomposition of Ga’*~R and concomi-
tant catalyst deactivation hinders one’s ability to deconvo-
lute the dynamic surface processes that occur in order to
identify the true active sites. These experimental challenges
highlight the importance of operando characterization tech-
niques where the catalyst performance can be directly cor-
related to surface features or structural changes during the
reaction in order to avoid misleading conclusions. While
there has been much debate in the literature over the precise
assignment of low energy Ga XANES features assigned to
either Ga®™—H, or Ga’" species, where 0<5<3 [3, 4, 12,
18-20, 52], its identity is of secondary importance for this
work. The combination of steady-state kinetics and oper-
ando XAS confirms that this observed Ga’*—R surface
intermediate is a spectator species during PDH on Ga/
SiO,. Therefore, the mechanism to selectively activate C-H
bonds over single-site Ga/SiO, is not redox in nature, nor
does the presence of gallium hydrides or Ga®* sites appear
to be essential for hydrogen recombination. Indeed, various
computational and experimental studies on Ga-exchanged
zeolites have shown that non-redox pathways, such as
sigma-bond metathesis or heterolytic bond cleavage, can
occur at Ga>* sites [20, 51, 53, 54]. Similar findings were
reported for PDH on CrO,/Al,O, and Cr’*/SiO, catalysts,
which suggested that Cr’*—O surface species can activate
C;H; via sigma-bond metathesis by generating a Cr-alkyl
intermediate that subsequently undergoes fS-hydride elim-
ination to form C;Hg [15, 55, 56]. The well-defined cr3*
sites investigated by Conely et al. [15] exhibited similar
PDH rates and deactivation behavior compared to the iso-
lated Ga**-O sites in the current study.

For H, recombination on Ga/H-ZSM-5 during propane
aromatization, Gonzales et al. [51] have shown with DFT
and H,/D, exchange that ZGaO sites can readily adsorb H,,
but that reduction of the Ga site would not proceed beyond
ZGa(H)(OH). Furthermore, the barriers for H, release from
either the ZGaO or ZGa(H), sites in Ga/H-ZSM-5 are unfa-
vorable [51, 53, 54], which suggests that a different type
of site, such as a distant Brgnsted site [57], is required to
support H, removal in the presence of alkanes. Frash and
van Santen [58] have previously proposed carbenium- and
alkyl- activation pathways during ethane dehydrogenation

on Ga/H-ZSM-5 to support Ga—C coordination observed
upon C-H bond activation, but show that the large bar-
rier for alkene desorption from the Ga-R, sites will limit
turnover frequencies. Our examination of single-site Ga/
SiO, supports the observation that carbon deposition
from alkene dehydrogenation at the Ga center will lead
to catalyst deactivation. These findings evince a potential
dichotomy between C;Hg selectivity and intrinsic turnover
frequencies that is inherent to supported Ga catalysts for
PDH. The absence of Brgnsted acidity on single-site Ga/
Si0, enables the isolated, Ga* Lewis centers to achieve up
to 99% C,H, selectivity, but at the cost of low (~6x107*
(mole C;Hy) (mole Ga’*)~! s7!) dehydrogenation rates in
comparison to Pt-containing catalysts (~10~" (mole olefin)
(mole Pt)~! s7!) [4]. However, if residual Brgnsted sites are
required for facile H, release, then C;H, selectivity may
diminish due to subsequent oligomerization and cyclization
reactions.

5 Conclusions

Isolated, Lewis acidic Ga** sites dispersed on amorphous
SiO, are catalytic for PDH at 550°C and can activate
hydrocarbon C-H bonds with up to 99% selectivity through
a non-redox pathway. The four-coordinate Ga** sites ini-
tially present on Ga/SiO, with 4 Ga—O bonds can be con-
verted to a second type of isolated Ga site with reduced
Ga—O coordination during H, pre-treatment at elevated
temperatures, which produce energy shifts in XAS and
XPS spectra that are often assigned to Ga®" sites, where
0<5<3, but are also consistent with Ga>*—R surface spe-
cies. While these spectroscopically observable Ga’*-R
sites remain stable in inert and H, atmospheres from RT
to 550°C, they reversibly decompose in the presence of
C;H, under reaction conditions to regenerate the Ga**-O
site. The subsequent decrease in PDH rate is a result of
coke formation at the Ga center. Although catalysts con-
taining Ga®*—R surface species exhibit lower initial PDH
rates per total moles of Ga compared to samples with pure,
four-coordinate Ga>*—O sites, the rates are equivalent when
normalized by the fraction of Ga®* present on the surface
despite the method of catalyst pre-treatment. Thus, the iso-
lated, four-coordinate Ga>*—O centers are shown to be the
catalytically relevant sites on Ga/SiO, while Ga®*-R spe-
cies are identified as spectators.
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